Mafic-ultramafic cumulates enclosed in gabbroic-dioritic rocks form part of the Mesozoic Ditrău Alkaline Massif in the Eastern Carpathians, Romania. The poikilitic olivine-and pyroxene-rich and nearly mono mineralic hornblendite rocks display typical cumulate textures with early crystallised olivine ), diopside and augite. In the early stages of their genesis the amphibole was intercumulus while in later stages it acquired cumulus status as the fractionating magma evolved. Using major and trace element compositions of minerals and whole-rock samples the origin of these cumulates is determined and the parental magma composition and depth of emplacement are calculated.
Introduction
Mafic-ultramafic cumulates are also common in intra-plate alkaline igneous complexes, but amphibole-rich cumulates are relatively rare in such settings (e.g. Gardar Province, South
Greenland (Upton et al., 1996) , Monteregian Hills, Canada (Eby, 1984) ). In contrast, large volumes of amphibole-rich cumulate rocks are abundant in middle to lower crust of volcanic arcs (Davidson et al., 2007) . The formation of amphibole-rich cumulates in arc settings is well studied both empirically and experimentally (e.g. Larocque and Canil, 2010; Krawczynski et al., 2012; Tiepolo et al., 2012; Smith, 2014) . Ultramafic and mafic rocks are widespread in the Dinarides and the Carpathians and represent components of ophiolite complexes (Hoeck et al., 2006) . However, not all are of ophiolitic origin and some, with the Ditrău maficultramafic cumulates being an example, represent within-plate intrusions that contain amphibole-rich lithologies (e.g., hornblendites) (Morogan et al., 2000; Pál Molnár, 2000) .
The Ditrău mafic-ultramafic rocks are predominantly hornblendite cumulates (Morogan et al., 2000; Pál-Molnár, 1992 , 2000 , 2010b . Generalised descriptions of these ultramafic bodies have been extensively reported over the past 150-years (e.g. Bagdasarian, 1972; Batki et al., 2014; Codarcea et al., 1957; Dallmeyer et al., 1997; Fall et al., 2007; Herbich, 1859; Ianovici, 1933 Ianovici, , 1938 Jakab, 1998; Kräutner and Bindea, 1998; Mauritz, 1912; Mauritz et al., 1925; Morogan et al., 2000; Pál-Molnár, 1992 , 1994 , 2000 , 2010b Pál-Molnár and Árva-Sós, 1995; Streckeisen, 1952 Streckeisen, , 1954 Streckeisen, , 1960 Streckeisen and Hunziker, 1974) , but none of these studies have considered their mineral scale petrology, petrogenesis and P-T conditions of cumulate formation in detail. New petrography, whole-rock and mineral chemistry data are presented in this paper and are used to assess the crystallisation history, the depth of formation of the ultramafic cumulates and their petrogenesis.
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4 (Dallmeyer et al., 1997) . A mantle origin for the mafic and ultramafic bodies was inferred by Kräutner and Bindea (1998) and Morogan et al. (2000) .
Field relationships and samples
The mafic-ultramafic cumulates crop out in the north-and central-west part of the massif.
They are enclosed in gabbroic-dioritic rocks as lenticular or block shaped bodies from a few centimetres to hundred metres or more in size (Tarniţa Complex, Pál-Molnár 2000) -see Figure 1 of the Online appendix. The enclosing gabbroic and mainly dioritic rocks and enclosed cumulates have almost the same mineral compositions (clinopyroxene, amphibole, plagioclase, biotite and accessories). Changes in modal % of minerals can result different rock types even in hand specimen scale. Continuous grading from hornblendite to gabbro, diorite, monzodiorite, monzonite, quartz monzonite, syenite, quartz syenite and granite can be observed from the north-west to the north-east part of the massif despite the fact that there are age differences. Although the massif is cut by several smaller faults, the grading can be observed in a horizontal traverse from west to east through 9 km along Jolotca Creek (Fig.   1C ). Thus, the rock sequence in the north-west to the north-east part of the massif is inferred to be tectonically tilted. The ultramafic rocks are the lowest in the sequence relative to all the other rock units.
The mafic-ultramafic cumulates are composed of dense mineral phases, thus they are interpreted to have originated as vertical successions built up on the chamber floor. The massif was uplifted and most likely tectonically tilted from its original vertical position during the Alpine (Bucovinian) nappe formation.. Boreholes in the massif have penetrated to depths of 1200m yet have not reached the Subbucovinian Nappe under the Bucovinian Nappe (Kräutner and Bindea, 1995) and therefore, any information on the crustal depth of the original rock mass can only be obtained from thermobarometry.
Samples of the mafic-ultramafic cumulates were collected in the north-west part from eleven outcrops at Jolotca, Csibi-Jakab, Pietrăriei de Jos, Pietrăriei de Sus, Tarniţa de Jos, Tarniţa de Sus, Ascuţit and Filep Creeks (Fig. 1D ).
Petrography
The igneous cumulate suite of Ditrău Alkaline Massif is notable for its petrologic diversity.
The rocks are dark grey, coarse-grained and inequigranular orthocumulates and mesocumulates. The mafic-ultramafic rocks cover a wide spectrum from those in which olivine and/or clinopyroxene are dominant to those that are essentially mono-mineralic
hornblendite (up to 91% amphibole, Fig. 2A ). Two major types can be recognised based on the texture: 1. poikilitic olivine-rich cumulate in which amphibole occurs as an intercumulus phase and 2. amphibole-and pyroxene-rich cumulates with cumulus amphibole crystals. It is important to note that olivine-bearing cumulates are quite scarce. Despite careful field and petrologic investigations, only a few occurrences have been recognised throughout the massif.
Olivine and pyroxene are always cumulus minerals (Fig. 2) . Biotite and plagioclase, when present, are confined to the intercumulus. Amphibole (100 μm -11mm) occurs both as a cumulus and intercumulus phase.
Pokilitic olivine-rich cumulates have up to 30 modal% olivine, 23% euhedral cumulus clinopyroxene and scarce orthopyroxene enclosed by large intercumulus amphibole oikocrysts (Fig. 2B and D) . Olivine occurs as subhedral to anhedral cumulus crystals (up to 1.7 mm) enclosing primary magnetite. Fresh olivine is uncommon as it is extensively replaced by serpentine and magnetite showing mesh structure (Fig. 2B ). Clinopyroxene is found as microcryst, with crystal size of 150-600 µm. The accessory phases are apatite and magnetite.
Orthopyroxene is always rounded, strongly cracked and surrounded by a fine-grained reaction rim of 40-50 µm thickness consisting of talc, subordinate plagioclase and rarely magnetite (Fig. 2C ). This disequilibrium texture points to a xenocrystic origin for the anhedral orthopyroxene. It is most probably a localised product of side-wall contamination. The xenocrysts are up to 750 µm and contain magnetite inclusions.
Amphibole-and pyroxene-rich cumulates consist of amphibole, pyroxene, plagioclase, biotite, magnetite, titanite and apatite. These rock types are dominated by cumulus amphibole crystals with variable grain size. In single samples it occurs as euhedral to subhedral macrocrysts up to 11mm across (Fig. 2B, E and H) and also as subhedral crystals, 100-500 μm in size, described here as microcrysts ( Fig. 2A and F ). Amphibole oikocrysts (>10 mm) commonly enclose clinopyroxene, titanite, magnetite and apatite crystals and often display a sagenitic texture. Some show marginal alteration to chlorite and epidote. Euhedral to subhedral clinopyroxene comprises up to 16 modal%. This clinopyroxene commonly encloses amphibole and is often partially pseudomorphed by secondary amphibole and chlorite or epidote ( Fig. 2D and E). It is rarely zoned, occurs as macrocrysts up to 4 mm in size ( Fig.   2D ), and also occurs enclosed in amphibole oikocrysts with sizes of around 450 µm.
Subordinate biotite (1-20%) is subhedral with clinopyroxene, amphibole, apatite and magnetite inclusions, can reach 4 mm in size and commonly marginally chloritised. In some cases, intergrowths of biotite and amphibole indicate their simultaneous formation but where biotites -up to 4 mm -enclose amphibole and clinopyroxene they are clearly of later origin. (Fig. 2) . The sequence of crystallisation is inferred to be olivine, clinopyroxene, amphibole, biotite and plagioclase with continuous and increasing apatite, magnetite and titanite formation.
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Analytical methods
Four hundred and ninety electron microprobe measurements were performed on selected olivine, orthopyroxene, clinopyroxene, amphibole, biotite and plagioclase crystals. Analyses were made with a Cameca SX-50 electron microprobe in wavelength-dispersive mode at the Institute of Geological Sciences, University of Bern, Switzerland, using a beam current of 20 nA and an acceleration voltage of 15 kV and at the Institut für Geowissenschaften, Universität Tübingen, Germany, using a JEOL 8900 electron microprobe in wavelength-dispersive mode operated at an acceleration voltage of 15 kV and a beam current of 15 nA. Counting times were 16s for peak and 8s for background measurements. Standards used were both natural and synthetic mineral phases. Processing of the raw data was carried out with the internal ϕρz correction method of JEOL (Armstrong 1991) and using online PAP Cameca Software.
In order to measure the trace and rare earth element concentrations in the main ferromagnesian minerals, 16 amphibole, 12 clinopyroxene and 2 olivine grains from 5 polished thin sections were analysed.
Laser ablation ICP-MS analyses were carried out at Cardiff University, using a New Wave
Research UP213 Nd-YAG 213 nm UV laser system coupled to a Thermo X Series 2 ICP-MS.
All measurement were made using Thermo Elemental PlasmaLab time-resolved analysis mode. The laser beam diameter was 40 μm, with a frequency of 10 Hz and a power of ∼3.5 J cm −2 . Ablations were carried out under a pure helium atmosphere. Acquisitions lasted about 90 s, including a 20-s gas blank prior to the start of the analysis and a 10-s washout at the end.
BIR, BHVO and BCR standards were used as external standards. Si were used as internal standards to correct concentration values. Si concentrations were quantitatively measured
prior to LA-ICP-MS using EPM. Subtraction of gas blanks and internal standard corrections were performed using Thermo Plasmalab software.
Whole-rock major, trace and rare-earth element X-ray fluorescence analyses (XRF) were carried out on a Panalytical PW2404 wavelength-dispersive sequential X-ray spectrometer at 
Mineral chemistry
Amphibole
According to criteria by Leake et al. (1997) and Hawthorne et al. (2012) Table I of the Supplementary Data).
Cumulus and intercumulus amphiboles have different compositions (Fig. 3) . Intercumulus amphibole has higher Mg# and SiO 2 contents and lower K 2 O, FeO t , Ba (<300 ppm), Sr (<350 ppm) and Zr (<115 ppm) contents than cumulus amphibole crystals (see Table II (Batki et al., 2014) . Some cumulus amphibole crystal rims are richer in FeO t and poorer in TiO 2 and Mg# than their cores indicating crystallisation towards a slightly more evolved magma or under different conditions (Fig. 3 ).
Chondrite-normalised (McDonough and Sun, 1995) rare-earth element (REE) patterns for cumulus and intercumulus amphiboles show variable REE enrichment ( 
Clinopyroxene
The clinopyroxenes range from diopside to augite (ferroan-, and aluminian-ferroan diopside, and Mg-rich augite; Morimoto et al., 1989 ) with a narrow range of Di 51-78 Hd 15-26 Aeg 3-8 (see Table III of the Supplementary Data).
Two compositional types can be distinguished within clinopyroxene crystals: microcrysts from olivine-bearing cumulates and macrocrysts from pyroxene-rich cumulates ( contents, up to 8.3 wt. % and 2.9 wt.%, respectively, like those of the Ditrău camptonites (Batki et al., 2014) . They have variable Cr concentrations (440-5300 ppm), and contain 75-120 ppm Sr and 50-200 ppm Zr (see Table IV 
Other minerals
Relict olivine cores display a narrow range of Fo from 75 to 73 mol%, low CaO (0-0.14 wt.%) and Ni (574-817 ppm), and high MnO contents (0.21-0.43 wt.%, see Table V Table VI of the Supplementary Data). Comparison of these Mgand Al-poor compositions with orthopyroxene crystals from worldwide xenoliths shows that they are similar to crustal granulite xenoliths (e.g. Conticelli, 1998; Nozaka, 1997; Orlando et al., 1994) .
Biotite is annite (Mg# = 0.59-0.62), similar to the biotites of the Ditrău camptonites (Batki et al. 2014 The intercumulus plagioclase ranges from oligoclase to albite, An 30-2 (seeTable VIII of the Supplementary Data). Some plagioclases in the ultramafic cumulates have relatively K-rich rims (K 2 O up to 2.0 wt.%).
Whole-rock geochemistry
Major element compositions of four samples of the Ditrău hornblendites were published by Mauritz (1912) , Mauritz et al. (1925) and Ianovici (1932 Ianovici ( , 1933 . Morogan et al. (2000) published major and trace element data for six samples. We present here seventeen new geochemical analyses for major and trace elements (Table 1) .
Major elements
Except for the olivine-rich cumulates, the compositions of the amphibole-and pyroxene-rich cumulates overlap, and all the new data accord with those previously published compositions (Ianovici, 1932 (Ianovici, , 1933 Mauritz, 1912; Mauritz et al., 1925; Morogan et al., 2000; Fig. 6 
Trace elements
As with the major elements, the trace element contents of the olivine-rich cumulates differ from the other cumulates ( 7 ).
Primitive mantle-normalised trace element patterns of the cumulates are broadly sub-parallel (Fig. 8) . Olivine-rich cumulates are the least enriched compared to primitive mantle and characterised by positive Pb, Hf and Ti anomalies and negative Zr and Y anomalies (Fig. 8A ).
Pyroxene-rich cumulates are depleted in U and K, enriched in P and Ti, and show variable Rb, Th, La-Ce, Pb, Nd and Y contents (Fig. 8B) . Additionally, some of the studied cumulates display a Nb enrichment (Fig. 8B, C) .
Rare-earth element (REE) patterns have no Eu anomaly and are enriched in light REE relative to the primitive mantle, typical of alkaline rocks, with La/Yb ratios ranging from 5 to 32 (Fig.   8D ). These values are similar to those of the Ditrău lamprophyres (La/Yb = 15-38; Batki et al., 2014) .
Discussion
Evolution of cumulates
The studied cumulates contain ferromagnesian minerals as cumulus phases but these differ in mineralogy suggesting crystallisation from different melts with different evolutionary histories.
Poikilitic samples contain olivine and clinopyroxene as cumulus phases and they are enclosed by intercumulus amphibole crystals. Ultramafic rocks comprising olivine with compositions <Fo 90 , >0.1 wt.% CaO and <0.3 NiO are generally interpreted to be related to fractional crystallisation of primitive magmas and of not mantle origin (e.g. Stormer, 1973; Pearson et , 2003; Jankovics et al., 2013; Larrea et al., 2014) . The composition of the olivine in the studied cumulates of Fo 75-73 , ~0.1 wt.% CaO and up to 817 ppm Ni therefore suggests a cumulate origin related to fractional crystallisation of a primitive melt. Poikilitic texture can be interpreted as indicative of closed system crystallisation (e.g. Larocque and Canil, 2010) but it can also indicate open system processes such as recharge (e.g. Tiepolo et al., 2011) .
The closed system model invokes crystallisation of cumulus olivine and clinopyroxene microcrysts that is followed by amphibole crystallisation from the interstitial melt.
Experimental studies of hydrous mafic magmas crystallization indicate that usually olivine and clinopyroxene are the liquidus phases and amphibole saturates after these mineral phases (e.g., Nekvasil et al., 2004; Krawczynski et al., 2012.) in accordance with our textural observations of the poikilitic samples. This closed system evolution suggests that the cumulus minerals have more primitive composition (higher Ni, Cr and MgO contents) than intercumulus phases.
In contrast, the open system evolution model suggests that a former olivine + clinopyroxene- (2000) that is consistent with closed system evolution. Amphibole crystals contain clinopyroxene inclusions. The clinopyroxene inclusions have the same composition as cumulus clinopyroxene suggesting their common origin (Fig. 4 C, D) . This also indicates that the clinopyroxene crystallisation overtakes amphibole crystallisation. Large variation of incompatible elements of cumulus amphiboles from sample to sample (e.g. Zr: 170-560 ppm)
is accompanied by Cr content variation of <1-100 ppm (Fig. 9 ). This suggests that each of the amphibole cumulate samples represents a differently evolved melt batch.
Estimation of parental melt
The higher compatible and lower incompatible trace element contents of clinopyroxene and amphibole with higher Mg# of poikilitic olivine-rich cumulate samples indicate that they crystallised from more primitive melt than amphibole cumulates.
To determine the Mg# of the possible parental melt the ultramafic cumulates formed from we (Fig. 10B ).
Magmas in equilibrium with clinopyroxene cumulus crystals have high LREE, Ta and Sr concentrations and a negative Pb anomaly (Fig. 10C) . Incompatible trace element patterns of melts in equilibrium with cumulus and intercumulus amphiboles are marked Ba, Nb, Sr and
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13 Zr enrichment and characterised by negative Th, Ta, Pb and Yb anomalies. Except for Th and U, the calculated intercumulus amphibole melt has lower trace element concentrations than that of the cumulus amphibole liquids (Fig. 10D ).
Crystallization conditions
Empirical and experimental studies indicate that the composition of amphiboles can record the crystallization conditions (P, T, fO 2 , fH 2 O) of magmas (e.g., Johnson and Rutherford, 1989; Ernst and Liu, 1998; Alonso-Perez et al., 2009; Ridolfi et al., 2010; Krawczynski et al., 2012) . The studied cumulates contain abundant amphibole crystals suggesting that amphiboles most likely records the temperature and pressure (depth) of the cumulate formation and perhaps one of the main differentiation level in the Ditrău Alkaline Massif.
Therefore we used the composition of amphibole to estimate P-T conditions and the depth of magma differentiation.
First we compared the composition of the studied Ditrău cumulate amphiboles with experimentally derived amphiboles from the literature (Fig. 11) . This comparison provides a range of P-T conditions within the studied cumulates was formed. GPa (Fig. 13B ). Both temperature and melt composition can potentially affect our empirical barometer increasing the uncertainty of the pressure estimation. Therefore we analysed the effect of temperature and melt composition using the extensive experimental dataset of Nekvasil et al. (2004) . Fig. 13A shows that effect of pressure on Al 2 O 3 content of amphibole has a much higher effect than magma composition or temperature. The uncertainty of the barometer is 190 MPa but in our case it can provide better estimation than the Ridolfi's barometer (Fig. 13C ). This Al 2 O 3 in amphibole barometer yields a pressure of 0.7±0.05 GPa for both cumulus amphiboles and intercumulus Ditrău amphiboles, that represents approximately 26±2 km depth using average crustal density. The calculated temperatures fall in a narrow range between 1014±24 °C for cumulus and 1024±22 °C for intercumulus amphiboles. These calculated P-T conditions suggest that melt emplacement occurred in the lower crust where cumulates was formed during magma differentiation.
Origin of the Ditrău mafic-ultramafic cumulates
There have been various suggestions concerning the origin of the Ditrău mafic-ultramafic rocks. Kräutner and Bindea (1998) assumed that the ultramafic masses were mantle xenoliths, whilst Morogan et al. (2000) proposed that they could have formed disrupted bodies of former side-wall cumulates. Pál-Molnár (2010b) also supported a cumulate origin for the hornblendites and assumed that their compositions most closely approaches that of their parental magma.
The mineralogy and the mineral compositions suggest that the Ditrău mafic-ultramafic cumulates crystallised from variably evolved, hydrous alkaline mafic melts. Morogan et al. (2000) were the first to propose that the parental melt of Ditrău Alkaline Massif were derived from OIB-like basanitic magmas. Batki et al. (2014) proposed that parental melts of the
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massif were similar to the OIB like melts, observed in the late stage camptonite dykes of the complex. The chondrite-normalised trace element patterns for the calculated melts in equilibrium with cumulus pyroxene and amphibole of the amphibole cumulates are consistent with the bulk composition of the Ditrău camptonite dykes (Fig. 10) suggesting that melts similar to late stage camptonites are potential parental melt for those cumulates. This is also supported by the whole rock compositions. As noted by Davidson et al. (2007) amphiboles can easily fractionate MREE and HREE elements because Dy is more compatible in amphibole than Yb. Thus formation of amphibole cumulates produce an amphibole signal (decreasing Dy/Yb with increasing SiO 2 ) during magma differentiation. The Ditrău maficultramafic cumulates show large Dy/Yb ratio (Dy/Yb>3.3) larger than the Dy/Yb ratio of the camptonites or other Ditrău magmas (Fig. 14A) . The literature data of the Ditrău magmas shows decreasing trend on the SiO 2 vs. Dy/Yb plot suggesting that amphibole crystallization played an important role during magma evolution of the Ditrău Alkaline Massif (Fig .14A ).
According to this, the studied cumulates represent a lower crustal amphibole "sponge". The amphibole "sponge" model was developed for arc settings (Davidson et al., 2007) . However the Ditrău Alkaline Massif represents an intraplate magmatic series, thus amphibole "sponge"
can form also in intraplate setting if the primitive magmas are hydrous.
The calculated liquid of cumulus amphiboles has the lowest Mg# and the highest LREE compositions among all calculated melts, it has also higher LREE content than camptonite melts (Fig. 10) . This indicates that amphiboles cumulates crystallised from a slightly evolved melt than that of the camptonites. On the other hand, the calculated melt for intercumulus amphiboles show similar pattern to those of the camptonites but the calculated melts have much lower Ba, Sr and Yb contents. This suggests that the poikilitic, olivine-rich cumulate rocks crystallised from OIB like melts but not from the camptonite like melts. The calculated P-T conditions, the various Mg# and differences in trace element distributions of the calculated parental melts imply that different magma batches were emplaced in the lower crust and crystallised to form the variable types of mafic-ultramafic cumulates in the Ditrău Alkaline Massif.
The percentage of tetrahedral sites occupied by Al vs. Ti in clinopyroxene (according to Loucks, 1990) clearly follows the trend defined by igneous rocks of continental rifts in general (Fig. 14B) , which is in agreement with the intra-plate origin of the Ditrău maficultramafic cumulates. The absence of a significant Nb-Ta negative anomaly in the studied cumulates confirms that a subduction component was not involved in their parental melt generation (Table 1) . These results, together with the trace element patterns of the calculated
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16 melts for both cumulate types correspond well with the OIB-like character of the Ditrău magmas (Morogan et al., 2000) and the intra-plate magmatic activity proposed by Pál-Molnár (2010b) and Batki et al. (2014) . Preliminary Nd isotope data also support that cumulates were formed from OIB-like melts (Batki et al., 2014) . Kräutner and Bindea (1998) assumed an origin associated with a rifted continental margin, while Dallmeyer et al. (1997) proposed that a mantle plume was involved in the generation of the Ditrău rocks. cumulates. Ditrău lamprophyres (Batki et al., 2014) and OIB (Sun and McDonough, 1989) shown for comparison. 
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